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Abstract: Zero tillage increases stratification of immobile nutrients such as P. However, it is unclear
whether near-surface stratification of soil P eases or hampers P uptake by maize (Zea mays L.) which
needs an optimum P supply at/before six–leaf–stage to achieve potential grain yield. The aim of
the three-year study was to determine whether P stratification, under zero tillage, impaired yield of
maize and which P placement methods could improve P uptake on an Aeric Albaquept soil subgroup.
Phosphorus fertilizer was placed by: (a) broadcasting before final tillage and sowing of seeds;
(b) surface banding beside the row; and (c) deep banding beside the row (both the band placements
were done at three–four leaf stage) Phosphorus treatments were repeated for 3 years along with three
tillage practices viz.: (a) zero tillage (ZT); (b) conventional tillage (12 cm; CT); and (c) deep tillage
(25 cm; DT). In the third year, all the tillage practices gave similar yield of Bangladesh Agricultural
Research Institute (BARI) hybrid maize–5, but the highest grain yield was obtained by surface band
P placement. After three years of tillage and P placements, the root mass density (RMD) at 0–6 cm
depth increased significantly from 1.40 mg cm−3 in DT under deep band placement to 1.98 mg cm−3
in ZT under surface band placement, but not at the other depths. The combination of ZT practices,
with broadcast or surface band placement methods, produced the highest available, and total P,
content in soil at 0–6 cm depth after harvesting of maize. Accordingly, a significant increase in P
uptake by maize was also found with surface banding of P alone and also in combination with
ZT. Organic carbon, and total N, also increased significantly at depths of 0–6 cm after three years
in ZT treatments with P placed in bands. By contrast, CT and DT practices, under all placement
methods, resulted in an even distribution of P up to 24 cm depth. Phosphorus application, by surface
banding at the three–four leaf stage, led to increased P uptake at early growth and silking stages,
which resulted in highest yield regardless of tillage type through increased extractable P in the soil.
Even though ZT increased P stratification near the soil surface, and it increased plant available water
content (PAWC) and RMD in the 0–6 cm depth, as did surface banding, it did not improve maize
grain yield. Further research is needed to understanding the contrasting maize grain yield responses
to P stratification.
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1. Introduction
The adoption of zero tillage (ZT) and minimum tillage has increased in recent years in South
Asia [1,2]. However, there are mixed reports about the outcome from zero tillage for maize grain
yield. Zugec [3] reported that the highest and the most stable maize grain yields were obtained
with conventional tillage (CT). A 14% maize yield decline was found in ZT after 20–years in a field
experiment in a cool region [4]. Grain yield decrease for ZT has also been reported in other cooler
regions [5]. While yield decline was reported in the cool and temperate region, in sub-tropical and
humid and sub-humid regions, the state of affairs are different under no-tillage (NT)/ZT with increased
yield and economics relative to conventional practices [6–9]. The NT and planting in raised beds with
residue retention, judicious crop rotation, and nutrient management are getting increasingly adopted
in recent years in equalising the production cost [6,9,10]. Four-year average maize yields were equal
for NT, chisel plough, and moldboard plough systems [11]. Whereas, for maize as well as for the
rice–maize system, permanent beds and strip tillage provided yield similar to conventional tillage [2].
Though farmers have been using P fertilizer for several decades [12], many Asian soils are deficient
in plant-available P due in part to fertilizer P fixation and sorption reactions by the soil [13,14]. Due
to the low soil P availability and the rapidly rising cost of P fertilizers there is a need to examine
agronomic practices [15] like tillage type and fertilizer management techniques that can increase P
fertilizer use efficiency.
A high P content in maize plants before the 6–leaf stage is critical for crops to achieve potential
grain yield [16]. The maize (Zea mays L.) root system extends to the middle of the inter-row space by
the 6-leaf stage but before that stage P acquisition may be limited by positional unavailability of soil
and fertilizer P. Phosphorus in available form is vital during the early growth stages of plants [17]
especially when the diffusion of P to plant roots is reduced by cold soil temperatures [18] such as those
occurring in the winter (rabi season; November to March/April) when most of maize is grown in most
of the maize growing areas of south Asia [19]. During approximately the first six weeks after planting,
P that is banded close to the maize rows is more likely to be available for maize–plant uptake than the
same amount of P broadcast over the entire soil surface [18,20–22].
Zero- and minimum tillage (in comparison with CT) generally increase SOM close to the soil
surface and hence may stratify soil P while the limited mixing of drilled P fertiliser will also stratify
P close to the soil surface [23–25]. The greater content of organic matter in the surface soil caused
the higher p values in the soil layer under ZT/minimum disturbance practice. The reduced mixing
of P in soils with high organic matter allows the greater soluble P concentrations by occupying the
P-fixation sites and thereby increasing the plant-available P in surface soil [26]. Zero-till practices also
increased the labile P fraction in the upper layer of non-cracking clay soil [27,28]. In addition, soil P
responds to placement methods [29,30] through changes in the P pools (organic and inorganic) in the
soil [24,28,31–34]. Even through ZT and P application methods may determine P distribution in the
root zone of maize, few studies have assessed crop response in the medium term to these treatments
that may increase P stratification [35,36].
Roots adapt to low P availability [37] by root hair elongation and proliferation [38,39] and
modification of root architecture to maximize P acquisition efficiency [40–42]. So, most of the studies
were done in tilled soils. How the root growth and P uptake will be affected by stratification in ZT soil
has not been explored fully. Indeed, high phosphorus availability stimulates the lateral root branching
density for maize in the P-enriched soil [43,44]. Zhu et al. [45] and Zhu et al. [46] in their study found
that maize genotypes which have shallower seminal roots had higher growth in low P soils in the
field and glasshouse. Shallow basal roots are very important for topsoil foraging and P acquisition
efficiency in annual crops. Reymond et al. [47] and Lynch et al. [48] found in their studies that low P
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favours lateral root growth by reducing primary root elongation and increasing lateral root elongation
and density. Shallower root systems acquired more P than deep ones in topsoil with stratified P,
by concentrating root foraging in the topsoil [49]. Given the importance of early supply of available P
to maize, we hypothesized that banded P placements would increase yield, and P availability relative
to broadcast P application especially under ZT.
This experiment was undertaken with the following objectives to determine:
1. The effects of P placement and tillage methods on the stratification of available and total P over a
3-year period;
2. The P placement methods that optimize P uptake and yield by maize with zero tillage; and
3. The effects of tillage practices on RMD, SOM, total N, and soil physical properties.
2. Materials and Methods
2.1. Climate
During the three growing seasons of 2009–2010, 2010–2011 and 2011–2012, irrigation was applied
as required to supplement 278, 234 mm and 175 mm of rainfall, respectively. The lowest minimum
temperature was in January (11 ◦C) in 2011–2012 (Figure 1). A cool, dry winter prevailed from
November to March in the growing area when the minimum and maximum temperature was in the
lowest range. The daily mean soil temperature at 4–5 cm depth fluctuated widely among seasons
from a maximum of 34 ◦C in August (hot summer season), to a minimum of 15 ◦C in January (cool
winter season). During the winter season, soil temperature commonly ranges from 19–15 ◦C in this
region [50].
2.2. Description of Experimental Site
A three-year experiment was conducted at the Bangladesh Agricultural Research Institute (BARI),
Bangladesh during 2009–2010 to 2011–2012. The study area was located in the agro-ecological zone
(AEZ) 28 (Modhupur Tract) at 24◦23′ N and 90◦08′ E and about 34 km north of Dhaka city. The Grey
Terrace Soil is classified as an Aeric Albaquept [51]. The soils are poorly drained, clay loam overlying
deeply weathered Modhupur or Piedmont clay. The field is 7.5 m above sea level [51].
2.3. Properties of the Initial Soil
Properties of the initial soil are given in Table 1.
2.4. Treatments and Design
Phosphorus fertilizer (triple superphosphate—[Ca(H2PO4)2·H2O]) was applied following three
methods: (a) broadcast according to farmers’ practice during final land preparation; (b) surface banding
(application at 2–3 cm depth and 3–5 cm from both sides of the row); and (c) deep band (application at
6–8 cm below the surface 4–6 cm from both sides of the row) (both the band placements were done
at three–four leaf stage to minimize sorption of fertilizer P by soil clay particles before plant roots
accessed the fertilizer). Soils were irrigated immediately before banding application of P. Three tillage
practices applied were: (a) zero tillage (ZT)–a single slit was opened by furrow opener and seeds
were sown; (b) conventional tillage (CT)–ploughed by rotary tiller up to 10–12cm depth (two passes);
and (c) deep tillage (DT)–tillage by chiseling up to 25 cm depth followed by rotary tillage (three passes).
Treatments were arranged in split-plot design with three replications where tillage was assigned to
the main plot and P placement methods in the sub-plot. The maize residue was retained at the rate
of 30% of its biomass yield for each of the three years of experimentation (Table 2). The sub-plot size
was 6 m × 5 m, the unit (replication) plot size was 6 m × 50 m. Maize seeds were sown maintaining
60 cm × 25 cm spacing in all plots.
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Figure 1. Rainfall distribution (mm) and temperature (minimum and maximum, °C) of the 
experimental site over the three years of the study with their corresponding sowing ( ) and 
harvesting dates ( ). 
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Initial Soil Properties Values 
Particle size distribution 
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Clay (g kg−1) 310 
Soil pH 7.3 
Moisture content at FC (g kg−1) 280 
Bulk density (g cm−3) 0–6 cm soil depth 1.54 
 07–12 cm soil depth 1.56 
 13–18 cm soil depth 1.58 
 19–30 cm soil depth 1.58 
Soil porosity (%) 
0–6 cm soil depth 38 
07–12 cm soil depth 37 
13–18 cm soil depth 37 
19–30 cm soil depth 36 
Extractable P (mg kg−1) 
0–6 cm soil depth 11 
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13–18 cm soil depth 8 
19–30 cm soil depth 8 
Soil organic matter (g kg−1) 13.5 
Total N (g kg−1) 0.49 
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Table 1. Properties of initial soil of the experimental site at Gazipur.
Initial Soil Properties Values
Particle size distribution
Sand (g kg−1) 350
Silt (g kg−1) 340
Clay (g kg−1) 310
Soil pH 7.3
Moisture content at FC (g kg−1) 280
Bulk density (g cm−3) 0–6 cm soil depth 1.54
07–12 cm soil depth 1.56
13–18 cm soil depth 1.58
19–30 cm soil depth 1.58
Soil porosity (%)
0–6 cm soil depth 38
07–12 cm soil depth 37
13–18 cm soil depth 37
19–30 cm soil depth 36
Extractable P (mg kg−1)
0–6 cm soil depth 11
07–12 cm soil depth 9
13–18 cm soil depth 8
19–30 cm soil depth 8
Soil organic matter (g kg−1) 13.5
Total N (g kg−1) 0.49
Notes: The critical level of P in the study area is 14 mg kg−1 (FRG 2012).
Table 2. Amount of maize residue retained in the field during each year. Retention was equivalent to
30% of the maize biomass.
Treatments
Residue Retention (t ha−1)
Maize Chili Mungbean
2008–2009 2009–2010 2010–2011 2009 2010 2011
ZTP1 2.78 2.94 2.98 2.7 7.23 7.64
ZTP2 3.34 2.55 3.43 3.1 7.79 8.23
ZTP3 2.74 2.77 2.90 2.7 7.42 7.83
CTP1 3.16 3.15 3.16 2.5 6.78 7.16
CTP2 3.42 3.38 3.33 2.7 6.83 7.20
CTP3 3.27 3.19 3.23 2.6 6.82 7.19
DTP1 3.23 3.07 3.03 2.6 5.96 6.30
DTP2 3.25 3.30 3.28 2.7 6.35 6.71
DTP3 3.19 3.20 3.16 2.7 6.37 6.73
SE (±) 0.12 0.11 0.11 0.1 0.21 0.22
Notes: Legend: ZT = Zero Tillage, CT = Conventional Tillage and DT = Deep Tillage, whereas P1 = Broadcast,
P2 = Surface band and P3 = Deep band.
2.5. Crop and Cropping Season
Maize cv. BARI hybrid maize 5crop duration was 140–145 days from germination to harvest in
3 years of experiment from 2009–2010 to 2011–2012 and can be cultivated in a wide range of edaphic
and environmental conditions. In this experiment, maize was grown from late December (sowing) to
late May (harvesting) in each of the years of the study.
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2.6. Crop Harvesting and Data Collection
As soon as the sowing was done, three 3.6 m2 quadrats (2 m along the row× 1.8 m across the row)
in each subplot were designated for data collection. At maturity, the crops were cut at the ground level
by hand. Threshing, cleaning, and drying of grain were done separately for each plot to determine
weights of grain and stover. Thirty percent (30%) of maize stover was retained in the experimental
field every year on the ground but for conventional and deep tillage practices, the residues were
incorporated into the soil. In 2009–2010, the maize crop was followed by chili (Lamba marich; Capsicum
frutescens L.) and then the land remained fallow until the next maize crop. Chili crop was sown on
5 June 2010 and harvested on 30 October 2010. After harvesting, the whole amount of chili residue
was retained in the plot. In 2010–2011 and 2011–2012, the maize crop was followed by mungbean
(Vigna radiata L. Wilczek) cv. BARI Mung 5 and then the land remained fallow until the next maize crop.
Mungbean crops were sown on 6 June 2011 and 8 June 2012 and harvested on 16 August 2011 and
17 August 2012, respectively. Similar to chili, the whole amount of mungbean residue was retained in
the soil (Table 2). The same row spacing and tillage and fertilizer placement practices were followed for
the chili and mungbean crops as for maize. Soil samples were collected from 0–6, 7–12, 13–18, 19–24,
and 25–30 cm depth from each sub–plot before sowing and/or after harvesting of maize in every year.
2.7. Collection of Soil Samples and Determination of Different Soil Properties
Soil samples were collected by a push type auger (5 cm diameter). For deep and conventional
tillage practices, samples were collected at three different points. As spatial variability of soil nutrients
concentration were affected by banding placements, samples were collected at four different points,
one on the band and each others were 1 cm apart from their previous one. Then composite samples
were prepared for analysis (Figure 2).
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Soil samples were then analysed for SOM, total N and extractable P. The SOM was determined
by wet oxidation [52] which was then converted to SOC by dividing a factor of 1.72, total N by a
modified Kjeldahl method [53], extractable P by the Olsen method [54,55], and total P by using the
Kjeldahl digestion method [56]. In the method of extractable P determination [53,54], 5 g soil (<2 mm)
is extracted for 30 min with 100 cm3 0.5 NaHCO3 solution (pH adjusted to 8.5). After filtration the
phosphate concentration of the solution is measured calorimetrically.
Particle size distribution of the initial soil was analysed by the hydrometer method [57] and the
textural class was determined using the USDA texture triangle. The BD and particle density (PD) of
the soil samples were determined by core sampler method and pycnometer method, respectively [58].
Moisture content was determined by gravimetric method [57]. The soil porosity was computed from
the relationship between BD and PD [58]. Soil field capacity (FC) (−33 kPa) and permanent wilting
point (PWP) (−1500 kPa) were measured using pressure plate apparatus, to calculate available water






× BD× soil depth. (1)
2.8. Determination of N and P in Maize Shoot and Calculation of Uptake
Concentrations of N and P in the maize shoot at 35 and 70 days after emergence were determined
by the Kjeldahl method [53] and the colorimetric method [59,60], respectively.
Total uptake of N/P was then calculated separately for both the stages of maize growth based on
respective shoot dry matter content.
2.9. Land Preparation, Seed Sowing/Transplanting, Fertilizer Application and Intercultural Operations
The different field operations from sowing to harvesting of maize are given in Supplementary
Material. The chemical fertilizers were applied at a rate of 255 kg N, 55 kg P, 100 kg K, 40 kg S, 1 kg B,
and 5 t well-decomposed cow dung; The N was applied as urea, P as triple superphosphate (TSP), K as
Murate of Potash (MoP), S as gupsum, and B as Boric acid. One third N and other nutrient containing
fertilizers except phosphatic fertilizer were applied during final land preparation. Remaining N was
applied in two equal splits at 30 and 55 days after sowing. Phosphatic fertilizer for broadcast method
was applied during final land preparation. But, the phosphatic fertilizers for surface band and deep
band were applied at the three–four leaf stage. Fertiliser application methods for chilli and mungbean
crops grown after maize were the same except only 20 kg N ha−1 was applied to mungbean (during
final land preparation) while chilli was fertilised at a rate of 100 kg N, 50 kg P, 50 kg K, and 20 kg Sha−1.
Fertilisers were applied according to the application methods followed for maize.
2.10. Roots Analyses
The root mass density (RMD) was measured at maximum vegetative stage (anthesis period)
for six soil depths (0–6, 7–12, 13–18, 19–24, 25–30, and 31–50 cm) with an auger sampler 15 cm in
diameter [61]. The measurements were done on the plant, between rows as well as between plants. Six
(three + three) samples per subplot were taken for RMD analysis. The roots were separated from soil
by washing the samples through a submerged 250 µm sieve with running tap water and then the roots
retained by and floating on the sieve were collected with tweezers [62].
2.11. P Budgeting
Phosphorus balance was calculated by subtracting all the P exported from soil and P added to
soil in the form of mineral fertilizers and by residue return. Every year, the initial P status of soil was
the base of the P budget estimation.
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2.12. Statistical Analysis
The analyses of variance for crop yields and soil properties were performed following a two-way
ANOVA model based on a split plot design and the mean values were compared by Least Significant
Difference test at p < 0.05 [63]. All data were statistically analysed with SPSS (Statistical Package for
the Social Sciences) software package version 21 (SPSS Inc., Chicago, IL, USA). Computation and
preparation of graphs were done using Microsoft Excel 2010 Program. The model used for the split-plot
design is the following:
Yijk = µ + αi + γk + (αγ)ik + βj + (αβ)ij + εijk (2)
where, i = 1, . . . , a indexes the main plot levels, j = 1, . . . , b indexes the subplot levels, and k = 1, . . . , r
indexes the blocks.
3. Results
3.1. Effect of Tillage Practices and P Placement Methods on Soil Physical Properties
Effects on Soil Bulk Density (BD), Plant Available Water Content (PAWC), and Porosity
The P placement methods had no effects on PAWC and porosity (p > 0.05) at all depth increments
(Table 3). By contrast, ZT practices after three years increased PAWC and porosity at 0–6 cm depth
(p > 0.05). The main reduction of BD was recorded in ZT at 0–6cm soil depth. The lowest BD
(1.42 g cm−3) was recorded in ZT under broadcast and surface band P placement methods at 0–6 cm
soil depth whereas the highest (1.55 g cm−3) was in DT under broadcast placement (Table 3). The BD
under ZT increased with depth but not with CT or DT. After three years, ZT conserved more moisture
than CT and DT at 0–6 cm soil depth (p < 0.05) but at 7–12 and 12–18 cm depths, there was no difference
among tillage methods (Table 3).
Table 3. Bulk density, plant available water content (PAWC), and porosity of soil after three years of




Bulk Density (g cm−3) PAWC (cm) Porosity (%)
0–6 cm 7–12 cm 13–18 cm 0–6 cm 7–12 cm 13–18 cm 0–6 cm 7–12 cm 13–18 cm
ZT 1.43 1.50 1.54 1.70 1.43 1.38 44.41 41.95 40.29
CT 1.48 1.45 1.51 1.36 1.55 1.52 39.57 43.05 39.93
DT 1.49 1.47 1.48 1.06 1.40 1.49 40.20 42.50 40.53
SE (±) 0.03 0.02 0.01 0.01 0.06 0.04 2.8 0.45 0.41
P1 1.47 1.48 1.51 1.35 1.45 1.45 40.98 42.28 39.71
P2 1.46 1.47 1.51 1.38 1.46 1.46 41.66 42.63 40.36
P3 1.46 1.47 1.50 1.40 1.47 1.47 41.53 42.59 40.68
SE (±) 0.004 0.01 0.005 0.006 0.01 0.01 0.29 0.22 0.24
ZTP1 1.42 1.51 1.55 1.70 1.42 1.39 43.69 41.80 39.64
ZTP2 1.42 1.50 1.55 1.72 1.43 1.38 45.18 42.06 40.47
ZTP3 1.44 1.48 1.53 1.69 1.43 1.36 44.35 42.00 40.75
CTP1 1.48 1.46 1.51 1.36 1.53 1.48 39.34 42.91 39.35
CTP2 1.48 1.45 1.51 1.33 1.55 1.52 39.68 43.15 40.14
CTP3 1.47 1.45 1.50 1.40 1.56 1.55 39.69 43.08 40.31
DTP1 1.50 1.48 1.48 0.99 1.39 1.48 39.91 42.13 40.14
DTP2 1.48 1.47 1.47 1.10 1.41 1.49 40.13 42.69 40.48
DTP3 1.48 1.47 1.48 1.10 1.41 1.50 40.55 42.69 40.97
SE(±) 0.007 0.02 0.008 0.06 0.14 0.15 0.61 0.66 0.65
CV (%) 4.70 4.77 4.50 4.66 8.48 5.68 5.93 6.11 7.29
Error D.F. 12 12 12 12 12 12 12 12 12
Notes: Legend: ZT = Zero Tillage, CT = Conventional Tillage, and DT = Deep Tillage, whereas P1 = Broadcast, P2 =
Surface band and P3 = Deep band. LSD for tillage × placement (BD at 0–6 cm depth − 0.01), for tillage (PAWC at
0–6 cm depth − 0.03 and porosity at 0–6 cm depth − 1.2).
Throughout the growing season, there was consistently higher soil water at 0–6 cm depth in ZT
particularly with surface band placement of P treatment (p < 0.05) (Figure 3). Soil moisture declined
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to almost wilting point of maize before irrigation was re-applied. At the last sampling, there was no
significant difference among the tillage treatments in soil water content due to heavy rainfall in the
month of April and the first week of May 2012 (Figure 1) which amounted to 141 mm.
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Apr), 0.61 (28 Apr), 0.48 (12 May) Apr, 0.96* (25 May 2012). * indicates significant at p < 0.05. ns 
indicates non-significant at p = 0.05. 
Table 3. Bulk density, plant available water content (PAWC), and porosity of soil after three years of 
tillage practices and P placement methods at three depths. 
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3.2. Root Mass Density of Maize
After three years, ZT with surface band placement of P treatment produced the maximum RMD
(1.98 mg cm−3). By contrast, with broadcast and deep band P placement, there was no effect of
tillage on RMD (Figure 4). In addition, for CT and DT there was no effect of P placement method
on RMD. Below 7 cm depth, the RMD was not significantly affected by tillage and P placement
treatments (Figure 4). Zero tillage with surface banding of P shared the highest percentage of root
(47%) distributed in 0–6 cm depth of soil which was followed by ZT with broadcasting (41%) and ZT
with deep banding (40%) of P fertilizer. The lowest amount of root distributed in 0–6 cm of soil was
recorded with DT with deep band P placement method (31%).
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Below 7 cm depth, the RMD was not significantly affected by tillage and P placement treatments 
(Figure 4). Zero tillage with surface banding of P shared the highest percentage of root (47%) 
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Figure 4. Root mass density of maize after three years of tillage practices and P placement methods. 
Notes: Bars containing the same letter above them are not significantly different at the 5% level. ZT = 
Zero Tillage, CT = Conventional Tillage, and DT = Deep Tillage, whereas P1 = Broadcast, P2 = Surface 
band and P3 = Deep band. LSD0.05 for tillage practices are 0.45*, 0.12ns, 0.20ns, 0.05ns, 0.04ns, and 0.02nsand 
LSD0.05 for placement methods are 0.30ns, 0.23ns, 0.05*, 0.02*, 0.02ns, and 0.02nsfor 0–6, 7–12, 13–18, 19–
24, 25–30, and 31–50 cm depth of soil, respectively. LSD for interaction effects (Tillage × Placement) 
are 0.21*, 0.42ns, 0.16 ns, 0.11 ns, 0.08 ns, and 0.07 ns for 0–6, 7–12, 13–18, 19–24, 25–30, and 31–50 cm depth 
of soil, respectively.* indicates significant at p < 0.05. ns indicates non-significant at p = 0.05. 
3.3. Maize Yield 
In the first year of maize (2009–2010), the highest yield was produced in CT (9.1 t ha−1). In 2010–
2011, the yield was not significantly affected by tillage or P placement. In 2011–2012, the surface band 
P placement method gave higher yield (p < 0.05) than other placement methods (Figure 5). The 
cumulative yield of maize for the first two years of cropping (2009–2010 and 2010–2011) was highest 
(p < 0.05) (17.7 t ha−1) with surface banding and the lowest with the broadcast method (16.0 t ha−1). 
Similarly, the cumulative maize yield for the three years (2009–2010, 2010–2011, and 2011–2012) was 
highest (p < 0.05) with surface banding (26.9 t ha−1) and the lowest with the broadcast method (24.2 t 
ha−1). The surface band and deep band placement of P fertilizer gave statistically similar cumulative 
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Figure 4. Root mass density of maize after t rs of tillage practices and P plac ment methods.
Notes: Bars contain g the same let e them are not significantly differen at the 5% level. ZT
= Zero Tillage, Conventional Tillage, and DT = Deep Tillage, whereas P1 = Broadcast, P2 =
Surface band and P3 = Deep band. LSD0.05 for tillage practices are 0.45*, 0.12ns, 0.20ns, 0.05n , 0.04ns,
and 0.02nsand LSD0.05 for placement methods are 0.30ns, 0.23ns, 0.05*, 0.02*, 0.02ns, and 0.02nsfor 0–6,
7–12, 13–18, 19–24, 25–30, and 31–50 cm depth of soil, respectively. LSD for interaction effects (Tillage
× Placement) are 0.21*, 0.42ns, 0.16 ns, 0.11 ns, 0.08 ns, and 0.07 ns for 0–6, 7–12, 13–18, 19–24, 25–30,
and 31–50 cm depth of soil, respectively.* indicates significant at p < 0.05. ns indicates non-significant
at p = 0.05.
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3.3. Maize Yield
In the first year of maize (2009–2010), the highest yield was produced in CT (9.1 t ha−1).
In 2010–2011, the yield was not significantly affected by tillage or P placement. In 2011–2012, the surface
band P placement method gave higher yield (p < 0.05) than other placement methods (Figure 5).
The cumulative yield of maize for the first two years of cropping (2009–2010 and 2010–2011) was highest
(p < 0.05) (17.7 t ha−1) with surface banding and the lowest with the broadcast method (16.0 t ha−1).
Similarly, the cumulative maize yield for the three years (2009–2010, 2010–2011, and 2011–2012) was
highest (p < 0.05) with surface banding (26.9 t ha−1) and the lowest with the broadcast method
(24.2 t ha−1). The surface band and deep band placement of P fertilizer gave statistically similar
cumulative yield of maize. Tillage practices had neither effect on cumulative yield of maize for the first
two years of cropping, nor on cumulative yield of maize over the three years of cropping. The yield of
maize had increased by 12.4% in the final year of the current study than the first year yield under ZT
and surface P banding (Figure 5).
3.4. Available and Total Phosphorus in Soil
The ZT practices especially in combination with broadcast and surface band P placement methods
showed the highest available and total P content in soil at 0–6 cm depth after harvesting of maize
in 2012. The deep band placement under CT and DT showed the highest total P (230 mg kg−1 and
242 mg kg−1 at 7–12 and 13–18 cm depths, respectively), followed by deep band placement method
under DT at the same depths (199 mg kg−1 and 230 mg kg−1 at 7–12 and 13–18 cm depths, respectively).
The highest available P levels were also recorded in CT (13.5 and 12mg kg−1 at 7–12 and 13–18 cm
depths, respectively) and DT (11.4 and 13mg kg−1 at 7–12 and 13–18 cm depths, respectively) under
deep placement method. At 19–24 cm soil depth, available and total P tended to converge to the same
value regardless of treatment combinations (Figure 6).
3.5. Organic C (OC) and Total N Status in Soil
Zero tillage with 30% straw retention after three years of maize cultivation resulted in the highest
OC status (1.20%) and total N in soil at 0–6 cm depth (Table 4). Tillage practices did not influence SOC
status and total N at other depths of soil.
3.6. Maize above Ground Biomass and N and P Uptake by Maize above Ground Biomass
At 35 DAE, ZT had 9.7 and 11.4% higher biomass than CT and DT, while surface banding had 6
and 10.4% higher biomass than CT and DT at 35 DAE. At the silking stage, the surface banding method
had the highest biomass (8.2 t ha−1). The highest N uptake in shoot biomass at 35 DAE (11.6 kg ha−1)
and 70 DAE (125 kg ha−1) were recorded at ZT under surface banding of Pin the third year (Table 5;
p < 0.05). Maize shoots grown in soil under ZT and surface banding also had higher P uptake at
35 DAE and 70 DAE than other treatment combinations.
3.7. Apparent P Budget
Among the tillage practices, ZT practice was recorded with higher balance for both total and
available forms than other practices, while surface band P placement method showed the higher total
P and equal amount of available P in soil than other placement practices. Among the combinations,
ZT with surface band P placement showed the highest P balance for total P and ZT with surface and
deep band P placement methods showed similar status of P remain in soil. The ZT had 5% and 6.8%
higher available P than DT and CT, respectively, after the first years of cropping, which were 7.4%
and 8.5% after the second year cropping than CT and DT, respectively. After the first crop cycle, ZT
with surface band P placement method had 4.3 (DT with deep band placement) to 12.8% (ZT with
deep band placement) higher total P in soil relative to other practices. After the second crop cycle, ZT
Sustainability 2018, 10, 3234 12 of 24
with surface band placement had 10.7 (CT with deep band placement) to 18.9% (DT with surface band
placement) higher total P relative to other practices (Figure 7).
Sustainability 2018, 10, x FOR PEER REVIEW  11 of 24 
 
of cropping, nor on cumulative yield of maize over the three years of cropping. The yield of maize 
had inc eased by 12.4% in the final year of the current study than the first year yield under ZT  




Figure 5. Effect of tillage practices and P placement methods on maize yield per hectare over three 
years of experimentation. Notes: Bars containing the same letter above them are not significantly 
different at the p < 0.05.The horizontal bars indicate standard deviations. The LSD0.05 values are 0.38*, 
0.5ns, and 0.29* for 2009–2010; 1.66ns, 1.04ns, and 1.4ns for 2010–2011 and 2.24ns, 0.57*, and 1.31ns for the 
years 2011–2012, respectively. (Legend: ZT = Zero Tillage, CT = Conventional Tillage, and DT = Deep 
Tillage, whereas P1 = Broadcast, P2 = Surface band, and P3 = Deep band). * indicates significant at p < 












































































































Tillage practices x P placement methods
2009-10 2010-11 2011-12
Figure 5. Effect of tillage practices and P placement methods on maize yield per hectare over three
years of experimentation. Notes: Bars containing the same letter above them are not significantly
different at the p < 0.05.The horizontal bars indicate standard deviations. The LSD0.05 values are 0.38*,
0.5ns, and 0.29* for 2009–2010; 1.66ns, 1.04ns, and 1.4ns for 2010–2011 and 2.24ns, 0.57*, and 1.31ns for
the years 2011–2012, respectively. (Legend: ZT = Zero Tillage, CT = Conventional Tillage, and DT =
Deep Tillage, whereas P1 = Broadcast, P2 = Surface band, and P3 = Deep band). * indicates significant
at p < 0.05. ns indicates non-significant at p = 0.05.
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Figure 6. Effects of tillage and P placement methods on available and total P in soil after three years
of maize cultivation. Notes: Figure 6a, 6b, and 6c are available P influenced by tillage practices
and placement methods while 6d, 6e, and 6f are total P by tillage practices and placement methods.
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12–18, and 19–24 cm soil depth, respectively).
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Table 4. Organic carbon status and total N status of soil at different depth increments of soil after three
years of tillage practices and P placement methods.
Parameters/
Years
Soil Organic Matter Status (%) Total N Status (%)
Initial
(0–10 cm) 0–6 cm 7–12 cm 13–18 cm
Initial
(0–6 cm) 0–6 cm 7–12 cm 13–18 cm
ZT 0.78 1.15 0.84 0.80 0.049 0.08 0.061 0.04
CT 0.78 0.91 0.98 0.82 0.049 0.06 0.061 0.045
DT 0.78 0.85 0.83 0.85 0.049 0.06 0.055 0.053
SE (±) - 0.02 0.03 0.03 - 0.01 0.002 0.002
P1 0.77 0.97 0.90 0.83 0.049 0.069 0.061 0.046
P2 0.78 0.99 0.88 0.83 0.049 0.068 0.059 0.046
P3 0.78 0.95 0.87 0.81 0.049 0.068 0.057 0.047
SE (±) - 0.02 0.01 0.02 - 0.01 0.001 0.001
ZTP1 0.78 1.14 0.87 0.81 0.049 0.085 0.063 0.041
ZTP2 0.78 1.20 0.83 0.81 0.049 0.083 0.060 0.040
ZTP3 0.77 1.09 0.84 0.79 0.049 0.083 0.059 0.040
CTP1 0.78 0.92 0.97 0.84 0.049 0.063 0.062 0.045
CTP2 0.77 0.93 0.99 0.81 0.049 0.063 0.061 0.045
CTP3 0.79 0.88 0.96 0.80 0.049 0.064 0.060 0.046
DTP1 0.78 0.86 0.86 0.84 0.049 0.058 0.058 0.053
DTP2 0.78 0.84 0.83 0.86 0.049 0.059 0.056 0.052
DTP3 0.79 0.84 0.81 0.84 0.049 0.057 0.052 0.054
SE (±) – 0.07 0.05 0.05 – 0.002 0.002 0.001
CV (%) – 6.5 5.4 4.6 – 6.8 5.2 4.8
Error D.F. – 12 12 12 – 12 12 12
Notes: Legend: ZT = Zero Tillage; CT = Conventional Tillage; and DT = Deep Tillage; whereas P1 = Broadcast; P2 =
Surface band; and P3 = Deep band. LSD0.05 (tillage) at 0–6 cm depth for SOC and Total N are 0.12 and 0.01.
Table 5. Biomass yields, N and P uptake by maize shoot in the third year of tillage practices and
P placements.
Treatments
Biomass Yield (t ha−1) Uptake (kg ha−1)
35 DAE Silking Stage
35 DAE Silking Stage
N P N P
ZT 0.72 7.69 10.22 1.07 103.83 12.79
CT 0.65 7.94 8.47 0.90 98.69 12.09
DT 0.64 7.74 8.82 0.90 100.81 11.93
SE (±) 0.005 0.44 0.05 0.02 5.1 0.5
P1 0.64 7.57 7.56 0.89 89.79 11.25
P2 0.71 8.20 10.66 1.08 114.39 14.01
P3 0.67 7.59 9.30 0.90 99.15 11.54
SE (±) 0.02 0.1 0.6 0.06 3.6 0.34
ZTP1 0.72 7.75 9.9 1.0 106.3 12.9
ZTP2 0.74 7.81 11.6 1.3 124.5 15.4
ZTP3 0.66 7.80 9.1 0.9 88.7 10.1
CTP1 0.66 7.86 6.3 0.9 87.2 10.8
CTP2 0.68 8.10 10.1 1.0 108.2 13.2
CTP3 0.59 7.73 9.0 0.9 103.8 12.3
DTP1 0.65 7.60 6.4 0.8 89.9 10.1
DTP2 0.69 7.98 10.3 1.0 104.5 13.4
DTP3 0.59 7.08 9.8 0.9 106.0 12.3
SE (±) 0.02 0.20 0.73 0.07 5.87 0.58
CV (%) 6.04 5.82 6.4 5.4 6.9 4.8
Error D.F. 12 12 12 12 12 12
Notes: Legend: ZT = Zero Tillage; CT = Conventional Tillage; and DT = Deep Tillage; whereas P1 = Broadcast,
P2 = Surface band and P3 = Deep band. LSD0.05 for biomass yield at 35 DAE was 0.02, 0.04, and 0.02 for tillage,
P placement method and the interaction, respectively. LSD0.05 for biomass yield at silking stage DAE was 0.04,
0.22, and 0.39 for tillage, P placement method and the interaction, respectively. LSD0.05 for N uptake at 35 DAE
was 0.03 and 1.58 for tillage and the interaction, respectively. LSD0.05 for P uptake at 35 DAE was 0.06, and 0.13
for P placement method and the tillage and placement method interaction, respectively. LSD0.05 for N and P
uptake at silking stage was 8.01 and 13.8 for tillage and interaction and 0.74 and 1.28 for placement method and
interaction, respectively.
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4. Discussion
Among the P placement methods, surface band application consistently increased yield and
in the final year of study increased yield by 1.05 t ha−1 relative to broadcasting and deep band P
applications. Deep placement and broadcast application of P were inferior methods of P supply to
maize, but not different from one another. Although CT, in the first year of study, produced higher
yield than ZT and DT regardless of P application methods, tillage effects were non-significant in
the other years (Figure 5a–c and neither did it affect cumulative maize yield over the three years
(data not shown). The other crops (chilli in 2009–2010 and mungbean in 2010–2011 and 2011–2012)
also showed similar response as maize to P placement methods and tillage practices (data not
shown) over the three years. Costa et al. [64] conducted an experiment on Rhodic Paleudult soil
for 18 years using broadcast, row-and strip-applied P fertilizer placement (as triple superphosphate)
under conventional, no-tillage and strip tillage techniques and reported that although no-tillage
promoted numerous changes in soil and plant attributes when compared to CT, no differences were
observed with regard to maize grain yield. On the contrary, Fernández and White [65] found that
maize grain yields in Urbana, IL, USA in a four year experiment with a maize-soybean rotation under
no-till/broadcast, no-till/deep band and strip-till/deep band were significantly affected by tillage and
fertilizer placement application. Strip-till/deep band P placement produced 9.43 mg ha−1 yield that
was 8% greater than no-till/broadcast and no-till/deep band.
Phosphorus placement effects on maize yield may be connected with P stratification and root
growth as significantly higher amounts of available P and total P accumulated under surface band
application in the top soil layers along with increased RMD. In addition, the PAWC in 0–6 cm was
consistently higher with surface banding of P. Total P at 0–6 cm depth in surface band P placement was
28% and 18% higher than total P under broadcast and deep band application, respectively. In contrast,
available P in surface band P placement method at 0–6 cm depth was 100% and 80% higher than
available P in deep band and broadcast application, respectively (Figure 6a–f). Soils from 0–6 cm
depth under ZT accumulated significantly higher total P by 18% and 10% and available P by 59%
and 18% over CT and DT. The increase in maize yield under surface P application might, therefore,
be associated with the combined effects of higher RMD (44% out of 4.65 mg cm−3 of roots) which with
increased PAWC could enhance uptake of P (from 21% compared to ZT with P broadcasted up to 60%
compared to CT with deep banding) and N from available pool in soil. da Costa and Crusciol, [66] and
Adee et al. [67] also found nutrient stratification in their experiment on P placement in surface soils
under corn crop. They found that the low soil disturbance associated with NT can result in higher
nutrient concentration near the soil surface (stratification), especially for immobile nutrients such as P.
However, P stratification is not always reported with NT and shallow P placement [68]. Jones et al. [69]
conducted an experiment with >30 year CT (CTCT), 10 year NT (NTNT), CT converted to NT in 2005
(CTNT), and NT converted to CT in 2005 (NTCT) at the Central Agricultural Research Center, Moccasin
(self-mulching clay) where P fertilizer (either MAP or TSP) was applied with the seed in all years
of the study at 1.9 cm to 2.5 cm deep. The study reported that vertical P stratification patterns were
not altered by tillage and neither was there a definite pattern of P stratification. Again, results from
the study of Hansel et al. [70,71] showed that the strip tillage with deep band P placement treatment
contributed to enhance soybean root growth at deeper soil layers, nutrient uptake, and improved
overall resilience to induced drought.
Where standing crop residues are retained or residues returned as mulch to the soil, an increase in
P availability may occur by decreasing the adsorption of P to mineral surfaces [72] which complements
biologically mediated release of organically-bound P to improve crop P status. In the present study,
minimum disturbance of soil in ZT with 30% residue retention and residues retained on the soil
surface from other crops at full rates appeared to boost P stratification and extractable P status of the
0–6 cm soils. Surface band application at three–four leaf stage simultaneously helped maize plants to
absorb P from the surface soil quite readily at the time when this crop is prone to show P deficiency
symptoms [73]. Stratification may be expressed very close to the soil surface (0 to 2.5 cm layer; [74] up
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to 5 cm [75], or 10 cm deep [76]. Such differences are likely related to the P redistribution in the soil
profile related to the degree of soil disturbance, in addition to the depth of P fertilizer placement, to the
P sorption capacity and the accumulation of soil organic matter close to the soil surface under ZT. With
the increase in post soil P in their total and available forms under ZT and surface band P placement
method, the apparent P balance increased or remained same with the ZT and surface banding, though
increased removal by crops (Figure 7). The ZT and surface banding of P with more positive P balance
(apparent) showed greater efficiency of use of P added via fertilizers (14–23.5% than other placement
with ZT practices), that is, less P fixed in soil over cropping years. At 35 DAE in the third year of study,
the uptake by maize under ZT and surface banding were higher from 21% (ZT with P broadcasted) up
to 60% (CT with deep banding), while the uptake increase were 16.2 to 52.4% higher than other studies
(Table 5).
An increase (p < 0.05) in root length density has also been found but only in the upper 0–6 cm soil
layer with surface band P placement. Broadcasting increased P at 0–6 cm depth as did surface banding,
but RMD was not stimulated by broadcast application because the P was dispersed across the surface
rather than concentrated like surface banding [35,77]. However, the RMD at 0–6 cm depth in surface
band P application occupied 44% out of 4.65 mg cm−3 of roots while deep band P application had 32%
of root distributed in surface soil (Figure 4). The build-up of available and total P and total N at 0–6 cm
depth of soil (Table 3 and Figure 5) appears to have caused lateral expansion of maize roots in the top
soil with surface banding and ZT [37,40]. The minimum soil disturbance coupled with retention of
biomass at the rate of 30% favoured OM build-up, lowered BD and thereby might also have stimulated
root growth (Figure 3). The RMD declined with depth, which was associated with the increased soil
BD [51,78] and decreased level of P both in available and total forms [37]. Taylor [79] found maize
roots tend to accumulate in the surface layer due to higher BD in the deeper soil profile.
While ZT, like surface banding, increased surface P levels (0–6 cm depth), but it did not stimulate
maize yield even though the initial soil P level (9 mg kg−1) was below the critical level for crops in
the study area [80]. Implementing reduced tillage or ZT will often produce different yield responses
in a transitional period than in the medium term [81–83]. In the first year, CT was superior in yield
performance but even after three years ZT was not different to other tillage types and neither did it
interact with P placement in terms of maize yield. Continued ZT may have significant effect on yield
since, as other results showed, it had increased surface soil stratification of P and SOM as well as PAWC
and RMD. Moreover, in the third year, surface banding combined with ZT resulted in significantly
higher shoot N and P uptake at 30 DAS and at silking. Moreover, the present results suggest that at
marginal soil P levels, the stratification of P under surface banding would increase maize yield due to
the combined effects of higher RMD, PAWC, and uptake of P and N. At 35 DAS and at 70 DAS, maize
crop could, therefore, uptake enough P from soil available P accumulated near the surface soil and
from applied P by banding on the surface at four-leaf stage. However, further research is needed to
determine why similar responses in soils and maize crop P uptake and root growth under ZT were not
reflected also in higher yield.
After three years of maize cultivation with 30% residue retained in the field from the previous
maize stover, retention of all residues from chili cultivated once and mungbean cultivated twice
(all equal to 28–32 t of residues), OC in ZT under all placement methods increased while OC in other
tillage treatments remained almost the same (Table 4). The percent OC increase in ZT under surface
band P application was 0.42% (from initial 0.78% to 1.20%) at 0–6 cm depth. The total N status after
three years of tillage practices with 30% residue retention and P placement methods was almost
doubled in ZT under all placement applications. Increased SOC content in soil surface horizon with
ZT compared to that of CT can be attributed to less soil disturbance and slower decomposition of
unincorporated crop residue [84–86]. Beare et al. [87] reported that buried residues decomposed at
3.4 times the rate of residues left on the soil. ZT showed significantly (p ≤ 0.05) higher concentrations
of available N in the surface soil (Table 4). We, therefore, found tillage-induced changes in soil total N
are directly related to changes in SOC [88] which together with PAWC and RMD in ZT under surface
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banding of P may have contributed to the higher N and P uptake at vegetative and silking stages.
The higher uptake of N and P at both the stages of maize grown under surface banding of P with
ZT and surface banding alone (Table 5) eventually helped plants translocate and assimilate N and P
from shoots to yield of maize [89]. More to the point, as root distribution followed P distribution and
moisture state of soils among the placement applications, the yield response was significantly higher
with surface banding of P (Figure 5).
After three years, the decrease in BD under ZT and broadcast and surface band P application
methods was from 1.58 to 1.42 g cm−3 (10%) at 0–6 cm soil depth (p < 0.05). The reason for lower BD in
ZT under broadcasting and surface band P application may be attributed to higher OC accumulation
in plots due to decreased disturbance of soil compared to deep placement methods which caused some
additional disturbance of soil during deep banding. Zhang et al. [90], Acquaah [91], Dao et al. [92],
and Balesdent et al. [93] found that soil disturbance by tillage and other cultural disturbance for
crop cultivation can accelerate the decomposition of OM, increasing its rate of mineralization which
accordingly increases BD of soil. özpınar and Çay [85] also correlated the lower BD at 0–20 cm with
residue retention, minimum disturbance of soil and accordingly, enrichment of OC in soil.
Soil moisture at ZT under surface band P placement method was improved and was 6% higher
than DT and CT under deep band P placement method over the entire season of maize growing
(Figure 4). The soil moisture content was increased by 4–4% in ZT under surface band relative to DT
under broadcast methods (Figure 3). Increasing SOM with ZT under surface band P application and
continuous less-disturbed retention of maize residue as mulch might help conserve soil moisture [94].
Again, soil in a ZT system was found to contain more moisture than a comparable tilled soil [95–97]
because retained crop residue on soil surface in ZT saved soil moisture from evaporation losses
more efficiently [98,99] or due to carry-over of the residual soil moisture (20%) from the preceding
period [100]. The higher soil water under ZT and surface band P placement, however, directly
influenced root growth and P uptake by maize, as higher soil moisture content enhances P diffusion
through the soil to the root surface [101].
In the surface soil of dry areas and in sandy soils, stratification of immobile nutrients close to the
soil surface under ZT practices and shallow nutrient placement could render nutrients unavailable
due to moisture scarcity. Hence, in such soils deficiency of P for crop growth is likely if there is low
extractable P in the subsoil or root growth is constrained by physical or chemical constraints. Deep
banding of less-mobile nutrients may be useful in those [89,102,103]. While in the present study, we did
not find any significant benefit for crop growth, root distribution, and yield of maize following deep
banding of P under minimum disturbance of soil, further research should be conducted in other soils
and climates to see how ZT under surface banding of P improves P acquisition by crops and increase
yield of crops. It would also be worthwhile to determine how modifying root activities [104] under ZT
practice and surface banding P placement alters uptake of other nutrients. The increasing adoption
of conservation agriculture (CA) by the growers in rice-based cropping systems increase the need to
manage crop availability of the less mobile nutrients (P and K) due to reduced mixing of fertilisers in
the root zone, reduced mineralisation of OM, and greater nutrient stratification close to the soil surface.
5. Conclusions
The surface band placement of P at four-leaf stage, regardless of tillage treatments, significantly
increased maize yield relative to broadcast and deep band placements. Zero tillage practice (ZT)
showed improvements in PAWC, SOM, and total N while BD, soil moisture, RMD at 0–6 cm soil depth,
total and available P and P uptake were improved due to the interaction effect of ZT and surface
band P placement methods. The higher root density values mainly in the surface layer (0–6 cm) in
response to elevated P concentrations and PAWC under surface banding P application resulted in the
significantly higher P uptake and maize yield compared to other methods. Increased PAWC, decreased
BD and increased porosity with ZT, and the highest total N and OM content recorded in ZT under
broadcast were reflected in higher RMD but not reflected in maize yield. Further research is needed to
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understand why the improved P uptake under ZT, as well as increases in PAWC and RMD at 0–6 cm
depth, were not reflected in increase maize yield while similar response in soil properties and roots
under surface band placement did improved yield.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/9/3234/s1,
Table S1: Summary of the crop management activities up to harvesting of the maize.
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